vesicles containing PC/PS and phosphatidylinositol 4-phosphate (PI4P). Strong binding is observed to vesicles containing 10% PIP 2 (apparent K d ‫1ف‬ M). Detectable but weak binding (‫-01ف‬fold lower affinity than PIP 2 ) is observed for vesicles containing phosphatidylinositol 3-phosphate (PI3P). Vesicles containing phosphatidylinositol 3,4-bisphosphate (PI[3,4]P 2 ) and phosphatidylinositol 3,4,5-trisphosphate (PIP 3 ) bind with affinities 2-to 5-fold lower than those containing PIP 2 .
Thus, although the B motif binds PIP 2 with the highest affinity of the lipids tested, the specificity of this interaction is relatively low. Given that PIP 2 is estimated to be present in biological membranes at concentrations 20-to 100-fold higher than these other bis-and tris-phosphoinositide species, PIP 2 is likely to be the relevant ligand in vivo ( larger 178-274 fragment (V.P., unpublished data).
To more finely map recognition requirements, we performed alanine scanning mutagenesis ( Figure 2C ). Surness of the PIP 2 -dependent activation profile of N-WASP prisingly, none of the single alanine mutations had a can be easily tuned by varying the number of lysine significant impact on PIP 2 binding in the qualitative vesiresidues in the B motif.
cle cosedimentation assay. Significant loss of PIP 2 bindThus, the B motif appears to confer upon N-WASP ing was only observed when three or more basic resian additional level of phosphoinositide signaling specidues were mutated to alanine. ficity-sensitivity to a threshold density of PIP 2 . Such
We generated a variant of the B motif in which the a mechanism may provide two functional advantages. amino acid sequence was reversed (identical composiFirst, it may suppress basal N-WASP activation even tion) as well as polylysine sequences of 7 or 10 residues. under the relatively high quiescent concentrations of Similar binding to PIP 2 was observed for the reverse PIP 2 . Second, it may leave N-WASP sensitively poised sequence motif and the 10-lysine motif ( Figure 2C ), for strong activation in response to subtle reorganization whereas no binding was observed for the 7-lysine motif. of PIP 2 in membrane domains, rather than requiring a Thus, the high positive charge density of the motif, rather gross change in the overall PIP 2 concentration. than any precise structure, appears to be most critical for binding. Figure 3C ). Vesicles doped with 40% cholesterol/ 20% sphingomyelin also showed a higher apparent affinity (V.P., unpublished data).
This multivalent mode of PIP 2 binding helps to clarify previous unexplained observations that soluble PIP 2 or IP 3 headgroup did not activate N-WASP, even when present at extremely high molar concentrations (K.E.P., unpublished data). The soluble PIP 2 derivatives probably cannot bind and activate N-WASP because they are not presented in a multivalent manner as is the case with PIP 2 in a membrane.
N-WASP Actin Polymerization Activity Shows a Threshold Dependence on PIP 2 Density
The above binding studies suggested that N-WASP activation might also be highly sensitive to the density of PIP 2 . We therefore measured the in vitro activity of N-WASP (stimulation of Arp2/3-mediated actin polymerization) as a function of mol% PIP 2 in a pyrene actin polymerization assay. Assays were performed with unlikely to be a relevant activator in most circumstances. whether our N-WASP mutations would have similar efreconstitute motility and were not even recruited to vesicles with or without PMA stimulation ( Figures 6B and 6C) . fects on N-WASP-mediated motility. We examined the motility rates of partially purified endosomal vesicles in Most significantly, motility was strongly enhanced by increasing the number of lysine residues. 14K mN-WASP Xenopus egg extracts. In these assays, native N-WASP was immunodepleted from the extract and substituted is recruited to vesicles and yields motile vesicles with actin comet tails that are several fold longer than those with purified variants of mN-WASP (wt, 14K, 6K) or GBD-VCA. Motility was induced by stimulation with phorbol generated by wt mN-WASP ( Figure 6B ). The average velocity of 14K-driven vesicles is ‫-5ف‬fold greater than ester (PMA) which has been shown to induce Cdc42 activation (J.T., unpublished data). Wild-type mN-WASP that of the wt-driven vesicles ( Figure 6D ). Thus, increasing mN-WASP sensitivity to PIP 2 by adding few addiis recruited to vesicles and is competent to reconstitute vesicle motility (Figures 6B and 6C) . However, contional basic residues also results in a corresponding increase in mN-WASP-mediated vesicle motility. structs in which the B region was deleted or constructs containing Յ6 lysine residues in the B motif did not To show that the enhanced motility properties of this mutant are due to changes in PIP 2 sensitivity, we examined the motility of synthetic vesicles in which we systematically varied the mol% PIP 2 . Synthetic vesicles were added to N-WASP-depleted Xenopus oocyte extracts substituted with either wt or 14K mN-WASP. At sufficiently high mol% PIP 2 , PMA-independent motility was observed. Using median vesicle tail length as a metric for motility, we observed a sharp dependence of motility on PIP 2 density for both the wt and 14K proteins. Moreover, just as in the in vitro actin polymerization assays, the threshold for motility activation with the 14K protein was sharper and occurred at lower mol% PIP 2 ( Figure 6E ). In addition, at saturation (high PIP 2 ), the median length of vesicle tails was significantly longer for the 14K-driven vesicles than the wt-driven vesicles. Similar threshold behavior was observed when using the number of motile vesicles as a metric for activity, although at PIP 2 densities well above the activation threshold, the number of motile vesicles was observed to decline slightly. Overall, these data are consistent with the idea that B motif mutations directly alter motility by altering sensitivity to PIP 2 activation.
Increasing the Number of Basic Residues Results in Increased N-WASP Activity in Resting Cells
Overexpression of the enzyme phosphatidylinositol 5-phosphate kinase (PIP5K), which catalyzes the conversion of PI (4) 
Experimental Procedures
For mN-WASP binding experiments, endogenous Cys residues were mutated to Ser, and a single Cys followed by a five residue Protein Expression and Purification linker was introduced at the N terminus of the protein (Supplemental N-WASP fragments were amplified by polymerase chain reaction Figure S1 ). Purified protein was labeled with CPM and binding (PCR) from a rat dorsal root ganglia cDNA library and inserted into assays were carried as described for B-GBD proteins. For these pGEX4T-1 (Pharmacia) for glutathione-S-transferase (GST) fusions, assays, 0.3 M mini-N-WASP and Arp2/3 complex were used. pBH4 for His6-fusions (Hillier et al., 1999), or pMAL (New England To measure PLC-␦ PH domain binding, we added a single Cys to Biolabs) for maltose binding protein (MBP) fusions. Proteins were the N terminus of the PLC-␦ residues (1-140). The construct was expressed in E. coli strain BL21 (DE3) as described (Prehoda et expressed as a His-tagged protein, purified over a Ni-NTA resin, al., 2000).
and labeled with CPM as described above. 
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